The rfb gene cluster and the rfc gene of Salmonella enterica were introduced earlier into an invasive Shigella dysenteriae 1 strain by triparental cross. Antiserum was raised in rabbit against lipopolysaccharide isolated from the hybrid strain. Both the hybrid and the invasive S. dysenteriae 1 strain were found to have a titer of 1:2560 while for S. enterica, it was 1:640. Ligated ileal loops were prepared in rabbit, which were inoculated with 10 8 CFU ml 31 each of the hybrid strain, and invasive S. dysenteriae 1 strain used as positive control. Escherichia coli K12 was also used as a negative control. After 18 h, the fluid accumulation ratios were 0.2 and 1.6 for hybrid and invasive strains of S. dysenteriae 1, respectively. Rabbit intestinal mucosa infected with hybrid S. dysenteriae 1 strain showed the presence of intact villus tips and unruptured intestinal mucosa whereas total necrosis of intestinal mucosa and villi was observed in the S. dysenteriae 1-infected region. ß
Introduction
Cell wall lipopolysaccharide (LPS) is frequently cited as a critical factor in the pathogenesis of infections with Gram-negative bacteria. During the course of bacillary dysentery there is a strong antibody response against the surface antigen complex of Shigellae, i.e. the LPS molecule [1] . LPSs are T cell-independent antigens [2] . Speci¢c cellmediated immune reactivity can be elicited against the LPS in both Shigella and Salmonella infections [3, 4] . Synthesis of LPS in Shigella dysenteriae 1 is encoded by a plasmid [5] . To exhibit the full virulent phenotype, the expression of the complete LPS molecule is necessary in Shigella. The immunity after natural or experimental infection, as well as after vaccines, is serotype-speci¢c [6, 7] . This points to the cell envelope LPS antigen as the main protective antigen. A positive correlation between the LPS-speci¢c peripheral antibody titers and the level of protection was reported [8] . Earlier attempts have been undertaken by several workers to develop a Salmonella typhi^Shigella sonnei hybrid vaccine [9, 10] .
In our earlier study, we transferred plasmid vector pPR1347 carrying both the rfb gene cluster and the rfc gene of Salmonella enterica into invasive S. dysenteriae 1 [2] . Shigella-infected convalescent phase serum was able to detect Ipa ABCD polypeptides from whole cell lysate and culture supernatant of the transconjugant (hybrid strain). Transconjugants exhibited strong cross-reactivity with S. dysenteriae 1 antiserum but they showed a weak reaction with S. enterica antiserum [2] . The purpose of this study was to determine the histopathological changes in the intestinal mucosa of a rabbit infected with invasive S. dysenteriae 1 strain carrying LPS biosynthesis genes of S. enterica (hybrid strain).
Materials and methods

Bacterial strains
Multidrug-resistant highly virulent S. dysenteriae strain 1 was isolated from an epidemic in West Bengal (India) [11] . This strain, carrying cosmid vector pPR1347 [12] containing both the rfb gene cluster and the rfc gene of Salmonella typhimurium, was used as the hybrid strain (transconjugant) which originated from our earlier study [2] . Vibrio cholerae 569B and Escherichia coli K12 were used as the positive and negative control in rabbit ileal loop infection, respectively.
Media and culture conditions
Tryptic soy broth (TSB) or tryptic soy agar (Difco, USA) was used as the culture medium [3] . Bacterial strains were grown overnight at 37 ‡C with constant shaking.
LPS isolation
LPS was extracted following the method described by Slauch et al. [13] . LPS of the hybrid strain was isolated from whole cells grown overnight at 37 ‡C in TSB (100 ml) with constant shaking. The cells were washed with distilled water and resuspended in 20 ml of 150 mM NaCl containing 20 mM MOPS [3-(N-morpholino)propanesulfonic acid], pH 6.9. An equal volume of bu¡er-saturated (20 mM MOPS, pH 6.9) phenol was added into the mixture and incubated at 65 ‡C for 30 min with occasional shaking. The mixture was kept in ice for 10 min and centrifuged for 20 min at 1500Ug. The aqueous phase was collected and four volumes of chilled ethanol were added and kept overnight at 320 ‡C. The precipitated LPS was collected by centrifugation and dialyzed against cold water for 2 days. The isolated LPS was preserved for animal inoculation.
Preparation of antiserum
A rabbit antiserum against the isolated LPS was prepared by immunization of a male New Zealand White rabbit with 1 mg ml 31 LPS solution in incomplete Freund's adjuvant. Intramuscular injections were given at 2-day intervals for 3 weeks. The rabbit was then bled by cardiac puncture and blood was collected. The blood was allowed to clot (1 h at 4 ‡C) ; the serum was separated by centrifugation and frozen at 320 ‡C until assayed.
Agglutination reactions
Tests for agglutination of whole bacterial cells with antibodies were performed in round-bottom microtiter dishes. Invasive S. dysenteriae 1, hybrid strain and S. enterica were grown overnight in TSB. 1 ml of overnight culture was centrifuged and the harvested cells were resuspended in 1 ml of phosphate-bu¡ered saline [13] . The resuspended cells were mixed with diluted antiserum and the mixtures were incubated at room temperature for 4 h. The agglutination reactions in di¡erent concentrations were recorded.
Rabbit ileal loop studies
Rabbit ileal loop experiments were carried out as described by De and Chatterjee [6] . Rabbit ileal loop studies were performed with 2-kg male New Zealand White rabbits. Rabbits were subjected to fasting for 24 h prior to surgery and were provided glucose (2%) water. Aseptic surgical technique was employed under anesthesia, induced with a mixture of ketamine (100 mg), xylazine (16 mg) and acepromazine (2 mg), administered intramuscularly. Each loop in the jejunum was about 10 cm in length and tied at each end, with a 1-cm spacing between loops. A 1-ml inoculum (10 8 CFU ml 31 ) of cells, grown in TSB, was injected into the lumen of each loop. Rabbits were killed after 18 h. Fluid accumulation within the loops was recorded and the volume/length ratio (FA ratio) was calculated. The accumulated £uid was collected for recovery of the bacteria. Infected loops were then opened and portions were ¢xed in 10% bu¡ered formalin. Samples were processed by standard procedures and 3^4 Wm thick sections were cut by a Leica rotary microtome 2145 and stained with hematoxylin-eosin stain and examined under a Leica compound trinocular microscope (DMLB). Photographs were taken with an MPS 60 camera.
Results
Recognition by hybrid strain LPS antiserum
In earlier studies we had introduced the rfb gene cluster and the rfc gene of S. enterica into invasive S. dysenteriae 1 by triparental cross. Transconjugants (hybrid strains) were cross-reactive with both S. dysenteriae 1 and S. enterica antisera. We isolated the LPS from the hybrid strain and a rabbit was challenged with the isolated LPS to raise antiserum. The antiserum had a titer of 1:2560 against hybrid and invasive S. dysenteriae 1 strains while with S. enterica the titer was 1:640. LPS synthesized by the rfb and rfc gene clusters of S. enterica in the hybrid strain was quantitatively low in comparison with S. dysenteriae 1.
Fluid accumulation
Fluid accumulation in rabbit ileal loops was examined to compare the virulence of the hybrid strain and S. dysenteriae 1 strain. The FA ratios of hybrid and invasive S. dysenteriae 1 were 0.2 and 1.6 respectively after 18 h. In the case of V. cholerae 569B and an E. coli K12, which were used as the positive and negative control respectively, the FA ratios were 1.6 and 0.3. The hybrid strain was avirulent as the FA ratio was 0.2.
Histopathology and microscopy
The loops were opened longitudinally for examination of the intestinal mucosa. Grossly the loops treated with S. dysenteriae 1 strain were diluted and ¢lled with hemorrhagic thick £uid whereas the loops with the hybrid strain showed minimum £uid accumulation like the control loops treated with phosphate-bu¡ered saline.
Sections from tissue infected with S. dysenteriae 1 showed a complete loss of villous architecture with denudation of surface epithelium in places. Massive hemorrhage with neutrophilic in¢ltration in the lamina propria extending up to the submucosa with congested and dilated crypts was seen (Fig. 1) . Sections from tissues treated with the hybrid strain did not reveal such changes and maintained normal villous contour (Fig. 2) . Fig. 3 shows uninfected rabbit intestinal mucosa.
Discussion
Knowledge of the process involved in the invasion of S. dysenteriae 1 into the gastrointestinal tract is the major theme to understand the pathogenesis of infections. The key steps in the invasion of S. dysenteriae 1 are epithelium proliferation, invasion and movement to the tissues. The LPS molecule (O antigen) is a major antigenic constituent of the Shigella cell surface. The best prophylactic measure would be to prevent the Shigellae from invading the mucosal lining of the intestine to limit their intracellular multiplication [14] and spread in the tissues. A live attenuated Shigella strain, expressing LPS and a few selected Ipa antigens [15] , has been suggested for vaccine formulation and should be preferred [16] .
Black et al. [4] conjugally transferred the invasion plasmid-carrying LPS biosynthesis genes of S. sonnei into Salmonella typhi Ty21a. The resulting strain agglutinated in both S. sonnei and S. typhi O antigen-speci¢c sera [17, 18] . However, the Ipa proteins were not expressed in S. typhi Ty21a. The protection varied with each batch of the vaccine. It is probably that LPS-speci¢c immunity alone may not be su⁄cient for a good protective e⁄cacy [17] .
In our earlier studies, we had introduced both the rfb gene cluster and the rfc gene of S. typhimurium into an invasive strain of S. dysenteriae 1 by triparental cross and these transconjugants (hybrid strains) are capable of producing Ipa ABCDH polypeptides. The hybrid strain did not show keratoconjunctivitis in guinea pigs and plaque formation has not been detected on HeLa cell monolayers [2] . The invasive strain of S. dysenteriae 1 became noninvasive after the introduction of LPS biosynthesis genes of S. typhimurium. Synthesis of Shigella LPS in the hybrid strain is of much higher quantity than the LPS synthesized by S. typhimurium. The FA ratio of the hybrid strain in rabbit ileal loop was 0.2, which is within the avirulent range. We examined the histopathological appearance of the rabbit intestinal mucosa infected by the hybrid and the invasive strains of S. dysenteriae 1. We undertook this study to evaluate the role of our hybrid strain (transconjugant), upon infection of the intestinal mucosa of rabbit, in relation to histopathological changes.
